We have previously proposed a model to account for the high levels of homologous recombination that can occur during the introduction of DNA into mammalian cells (F.-L. Lin, K. Sperle, and N. Sternberg, Mol. Cell. Biol. 4:1020-1034). An essential feature of that model is that linear molecules with ends appropriately located between homologous DNA segments are efficient substrates for an exonuclease that acts in a 5'-)3' direction. That process generates complementary single strands that pair in homologous regions to produce an intermediate that is processed efficiently to a recombinant molecule. An alternative model, in which strand degradation occurs in the 3'-+5' direction, is also possible. In this report, we describe experiments that tested several of the essential features of the model. We first confirmed and extended our previous results with double-stranded DNA substrates containing truncated herpesvirus thymidine kinase (tk) genes (tkA5' and tkA3'). The results illustrate the importance of the location of double-strand breaks in the successful reconstruction of the tk gene by recombination. We next transformed cells with pairs of single-stranded DNAs containing truncated tk genes which should anneal in cells to generate the recombination intermediates predicted by the two alternative models. One of the intermediates would be the favored substrate in our original 5'-3' degradative model and the other would be the favored substrate in the alternative 3'--5' degradative model. Our results indicate that the intermediate favored by the 3'--5' model is 10 to 20 times more efficient in generating recombinant tk genes than is the other intermediate.
DNA introduced into cultured mammalian cells, either as a calcium phosphate precipitate or by direct microinjection into nuclei, is capable of undergoing efficient homologous recombination before it becomes integrated into chromosomes (11, 13, 18, 22, 28, 32, 34, 35, 41, 42) . Frequencies of homologous recombination in the range of 10 to 20% are common in these sorts of experiments (22) . Recent in vitro recombination studies with nuclear extracts indicate that the enzymes necessary to execute homologous recombination are indeed present in mammalian cells (9, 15, 17, 19) .
Two general mechanistic models have been proposed to account for the process of recombination during the introduction of DNA into mammalian cells. One, the doublestrand (ds)-break repair model, is analogous to that proposed to explain homologous recombination in yeasts (37) . The second, the single-strand (ss) annealing model (22) , is analogous to a model originally proposed by Broker and Lehman (4) to explain recombination by bacteriophage T4 and one later proposed by Lai and Nathans (20) to explain the generation of deletions after the introduction of simian virus 40 DNA into mammalian cells. In the ds-break repair model, recombination is initiated by a ds break or gap in one DNA molecule which is repaired faithfully with a second unbroken copy of the homologous DNA as a template. A requirement of the model is that ends of the repaired DNA molecule be located in a region of homology shared by both DNA molecules. While this model can account for the high level of recombination between certain of the DNA substrates introduced into mammalian cells (3, 18, 36) , it does not effectively explain other efficient recombination events generated by introducing into cells DNAs with ends located in nonhomol-ogous regions (1, 22, 40) nor does it explain why recombination between DNAs introduced into mammalian cells is largely nonconservative (1, 6, 22, 40) . To account for these results, we proposed the ss annealing model (22) . An essential feature of this model is that ends generated by a ds cut in DNA are substrates for a strand-specific exonuclease that produces complementary ss regions. Those regions are paired to generate intermediate structures that are subsequently processed to recombinant molecules (scored as intact genes). The success of this reaction depends on the original location of the ds cut and the nature of the paired recombination intermediate produced after strand degradation. In contrast to the ds-break repair model, the ss annealing model does not require that the ds break be in a region of shared homology, only that it be proximal to the recombining homologous regions. In a recent report (40) a modified version of the model was proposed to account for recombination in simian virus 40 DNA molecules. In that model the ss involved in the pairing process are generated by DNA unwinding from free ends rather than by strand-specific exonuclease degradation.
To gain more insight into the mechanism of extrachromosomal recombination in mammalian cells, we transformed cells with pairs of ss DNAs that will generate the intermediates proposed by the ss annealing model and measured the ability of those intermediates to produce recombinant molecules. The results allow us to confirm certain features of the ss annealing model and refine others. (39) and acrylamide gel analysis of restriction enzyme digests (unpublished data). The exact position of deletion endpoints was determined by dideoxy sequencing (33) in our laboratory. NT 1 in this scheme has been assigned to the starting NT of the mRNA with NTs upstream of that point designated with a minus prefix and those downstream with a plus prefix. Two in-frame ATG codons (NTs +108 and +243) are shown. Removal of both is necessary to completely inactivate the tk gene. In panel B the plasmids used to assay recombination are described. Construction of plasmid ptk2DR is described by Lin et al. (22) , and construction of the other plasmids is described in the Materials and Methods. Each of the plasmids contains two defective tk genes. The two regions designated PH (proximal to homology) and DH (distal to homology) are also shown. The PH region is so designated because it is closer to the tk deletion junctions and to the shared tk homology than it is to the tk sequences not shared by the two defective tk genes. The DH region has just the opposite properties. All plasmids contain the ampicillin resistance gene and the pBR322 origin of DNA replication. Symbols: -, pBR and non-herpesvirus DNA; ED , non-tk herpesvirus DNA; _, shared tk homology; ci>=, tkA&3' DNA from the mRNA start site to the region of shared homology; c> I , tkA&5' DNA from the region of shared tk homology to the tk termination codon. The arrowheads indicate the direction of tk transcription. Abbreviations used: Bm, BamHI; C, ClaI; H, HindIII; K, KpnI; N, NcoI; Sc, SacI; Sl, Sail; Ori, origin.
Escherichia coli HB101 (2) and JM1O1 (27) were used to prepare plasmid and M13 DNAs, respectively.
Plasmid-tk DNAs. ptk contains the herpesvirus 3.4-kilobase (kb) BamHI tk fragment cloned in pBR322 at the plasmid BamHI site (12) . ptk2.0 contains the 2.0-kb PvuII tk fragment with SalI linker ends cloned in pBR322 at the plasmid Sall site. The direction of the transcription is opposite that of the tetracycline gene. Plasmid pStk is the 2.0-kb PvuII tk fragment cloned between the unique AatII and PvuII sites of pBR322 with XhoI linkers. The construction of plasmid ptk2DR has been previously described (22) . It is shown in Fig. 1 (7) . ss DNAs were isolated from phage particles grown in JM101 in NZCYM medium (25) . Phage were concentrated and washed as described by Hines and Ray (14) and then banded in CsCl gradients. Purified phage particles were then digested with proteinase K (100 .g/ml for 1 h at 37°C), and the DNA was extracted several times with phenol and ethanol precipitated. ds DNA concentrations were determined by fluorescence in the presence of Hoechst 33258 (5) . ss DNA concentrations were determined by the A260 assuming that a 37-,ug/ml solution has an A260 = 1. All DNAs were stored at -20 or -70°C. Under these conditions over 90% of the ds DNA retains its superhelicity and over 90% of the ss DNA remains circular for at least a year.
DNA transformation. LMtk-aprt-cells were prepared for transformation as described by Lin and Stemnberg (24) and were transformed with DNA precipitates prepared by a modification of a method used to transform cells with bacteriophage lambda (16) . Briefly, various DNAs were pipetted into 0.5 ml of a solution containing 10 mM Tris hydrochloride (pH 7.6), 1 mM EDTA, 250 mM CaC12, and carrier DNA (10 ,ug of sheared LMtk-). To that mixture we added 0.5 ml of a solution containing 50 mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)]-NaOH (pH 6.9), 280 mM NaCl, and 1.5 mM sodium phosphate. A fine DNA precipitate formed almost immediately and was added to the cells within 10 min. Unless specified, when two ss DNAs were used as a pair, they were simply pipetted into the CaCl2 solution individually without prior treatment. After transformation, TK+ transformants were selected in HAT medium as described by Lin and Sternberg (24) . ds DNAs were digested with restriction enzymes (from Bethesda Research Laboratories, Inc., Gaithersberg, Md., New England BioLabs, Inc., Beverly, Mass., or Boehringer Mannheim Biochemicals, Indianapolis, Ind.) according to vendor specifications. Each digestion was checked by agarose gel electrophoresis.
DNA hybridization. The presence of tk DNA in transformed cells was analyzed by Southern blotting as described by Lin and Stemnberg (24) . The only change was the use of Biodyne nylon filter paper (from Pall Ultrafine Filtration Corp.) instead of nitrocellulose filter paper.
RESULTS
Effect of ds DNA breaks on recombination. In a previous study we used the plasmid ptk2DR ( Fig. 1) to study the effects of ds DNA breaks on recombination (22) . One of the conclusions from that work was that breaks play a central role in the initiation of recombination and that their position within the DNA substrate is important. To extend those studies, we constructed three additional tki2 plasmids: ptk2DRABC, ptk2DRA, and ptk2DRAAN (Fig. 1) . Both ptk2DR and ptk2DRA contains 3'-and 5'-deleted tk genes in directly repeated orientation. They differ in that the genes are oriented counterclockwise for ptk2DR and clockwise for ptk2DRA. In addition, the amount of DNA between the tk genes differs in the two plasmids. The distance between the tk deletion junctions, the segment of DNA proximal to the region of shared tk homology (PH; Fig. 1 ), is 1.5 kb for ptk2DR and 4.1 kb for ptk2DRA. The distance between the 5' end of tkA3' and the 3' end of tkAS', the segment of DNA distal to the shared region of tk homology (DH; Fig. 1 ), is 5.8 kb for ptk2DR and 1.7 kb for ptk2DRA. In ptk2DRABC the PH segment has been shortened to 180 bp, and in ptk2DRAAN the DH distance has been shortened to 685 bp.
The results of transformation with these plasmid DNAs are shown in Table 1 . When supercoiled plasmid DNAs were used, the transformation frequency was low in all cases. Compared with transformation with an intact tk gene (ptk), the efficiency ranges from <0.01% for ptk2DR to 0.1% for ptk2DRAAN. In contrast, if ds breaks are introduced in vitro into the PH region of the ptk2 DNAs at restriction sites symmetrically located between the truncated tk genes, then there is a pronounced stimulation of transformation. For with BamHI and Sacl also created ds breaks in the PH region close to the tk deletion junctions. In the latter case, recombination was stimulated about 100-fold, while in the former two cases the stimulation was about 400-fold. If the DNA was cut at a site not symmetrically located in the PH region, e.g., ptk2DRAAN cut with BamHI, the stimulatory effect of the cut was reduced relative to that observed with DNA cut in a more symmetric position, but it was still quite significant (18-fold for BamHI-cut ptk2DRAAN DNA compared with 100-fold for BamHI-SacI-cut ptk2DRAAN DNA).
On the other hand, if ds breaks were introduced into the DNA in an area distal to the tk homology (the DH segment The specific steps in the model are described in the text and in our previous report (22) . Symbols: >>>>, DNA polymerase action to restore duplex DNA. Other symbols are as described in the legend to Fig.  1 . Presumptive recombination intermediates are enclosed in the dashed boxes.
of the combinations of ss, tkA3'NC plus tkA5'NC and tkA3'C plus tkA5'C, the ss tk DNAs are not complementary, and the transformation efficiency is low and similar in the two cases. With increasing DNA concentration the number of transformants increases more than proportionately. For the other two DNA combinations, tkA3'NC plus tkA5'C (combination A) and tkA3'C plus tkA5'NC (combination B), the tk strands are complementary and can anneal once they enter the cell to generate the intermediates shown in Fig. 3 . Note that the intermediate shown in Fig. 3A is generated by DNA combination A and is analogous to the intermediate shown in Fig.  2A . The intermediate shown in Fig. 3B is generated by DNA combination B and is analogous to the intermediate shown in Fig. 2B Fig. 4 Transformation with pairs of ss DNAs is a function of the concentration of both DNAs and is homology dependent. We proposed that an early step in the transformation of cells with ss DNAs that contain complementary tk sequences is the pairing of complementary strands (Fig. 3) 885 bp of homology. The four pairs are tkA3'CtkA5'C (A), tkA3'NC-tkA&5'NC (A), tkA3'NC-tkA&5'C (0), and tkA3'C-tkA5'NC (0). limiting in the transformation reaction, then the efficiency of the reaction might depend both on the amount of tk homology shared by the two DNA strands and on the concentration of those strands. The experiments shown in Tables 3  and 4 support both these contentions. Thus, for cells transformed with three different pairs of combination B DNAs which share 410, 649, and 885 bp of tk homology, respectively, the number of transformants increases with increasing tk homology (Table 3) . At Table 2 compared with those in Table 3 . At the high levels of transformation seen with set 2, combination B DNAs in Table 2 as little as 30 ng of DNA is nearly saturating for transformation. Accordingly, the effect on transformation frequency of increasing the amount of DNA used from 10 to 30 ng may be diminished relative that observed under nonsaturating conditions. It should be noted that if the transforming DNA contains an intact tk gene, either ss (mplOtkC) or ds (ptk2.0), the efficiency of transformation is directly proportional to the amount DNA used (Table 3) .
Additional support for the arguments made above come from experiments in which the strands are preannealed before being mixed in the transformation solution (Table 4) . If the amount of preannealed DNAs is increased from 10 to 30 ng per plate, transformation efficiency increases 2.5-fold. In the same experiment a 3-fold increase in the amount of unannealed ss produces an 8.4-fold increase in transformation efficiency. The major effect of preannealing the strands is seen at the lower DNA concentration (10 ng (Fig. 5) .
Since the DNA that encodes the tk transcriptional unit contains a BgIII site and a SmaI site separated by 1.16 kb of DNA (Fig. 1) , we expected to find that all the TK+ transformants would have that fragment. Indeed, they all did (Fig.  5) . Moreover, six of the seven combination B clones (Fig.  5A) and four of the seven combination A clones (Fig. SB) contained only that fragment. B6 had a fragment that migrated in the gel at a size of about 10 kb, and A3, A6, and A7 had several fragments that migrated slower than the expected fragment. The copy number of the 1.16-kb BglIISmaI fragment in each of the transformants was about one to two copies per diploid genome. We also analyzed SmaI and PvuII digests of DNA from the transformants. Those data are summarized in Table 5 and indicate that there is DNA rearrangement in some of the clones in the region immediately flanking either the 5' or the 3' portion of the tk structural gene. DNA upstream of the tk gene seemed to be better preserved than the DNA downstream of the gene. There was only one clone (B5), of the total of 14, that did not retain at least 300 bp upstream of the tk structural gene (all except B5 have the upstream SmaI site; Fig. 1) , and all but four clones (A2, A5, Bi, and B4) had a 600-bp region downstream of tk (they have the downstream PvuII site). Finally, some of the transformants (A3, A6, and A7) also contained DNA derived from the unrecombined defective tk genes (tkA5' or tkA3'). DISCUSSION Two aspects of our previously proposed strand-annealing model (Fig. 2 ) for recombination were examined in this report. First, we assessed the effect of the position of the ds break on recombination with a variety of DNA substrates, and then we determined which of the two proposed recoimbination intermediates shown in Fig. 2 is more efficiently converted by the cell to an intact gene.
Location of the ds break. Our studies with the three DNA substrates shown in Fig. 1 (ptk2DR, ptk2DRABC, and  ptk2DRAAN ) support the basic contention of the model that Fig. 3B , and the DNAs in panel B were isolated from seven TK+ transformants (Al to A7) obtained with the complementary pairs of ss, truncated tk genes shown in Fig. 3A . The first and last lanes contain pStk DNA. All the DNAs were digested with BglII and SmaI. The pStk DNA contains 2 pg of the tk fragment or about two copies of the tk gene per 5 ,ug of genomic DNA (21) . Size markers are from bacteriophage P1 DNA digested with EcoRI (data not shown). The probe used in these analyses is the 1.16-kb BglII-SmaI tk fragment (Fig. 1). ds breaks within the PH region of the plasmids stimulate recombination during the transfer of those DNAs into mammalian cells. Thus, recombination between complementary truncated tk genes on a ptk2 plasmid was elevated at least 100-fold, relative to uncut DNA, when ptk2DR was digested with HindlIl; or ptkDRA&BC was digested with BamHI, or ptk2DRAAN was digested with both BamHI and Sacl (Table   1 ). The DNAs that were cleaved symmetrically between the defective tk genes in the PH region (BamHI-SacI-digested ptk2DRAAN) recombined more efficiently than DNAs cleaved assymmetrically within that region (BamHI-digested ptk2DRAAN) ( Table 1 ). This result has been interpreted (22) to mean that degradation from each of the two DNA ends must reach the homologous tk sequences at about the same time to permit efficient complementary strand pairing ( Fig.  2A, step 3) . This interpretation is supported by the experiments of Anderson and Eliason (1) . Unlike results with cleavage in the PH region, when the ds break is made in the DH region of the ptk2 plasmids (ptk2DR digested with Sall or NcoI; ptk2-DRAAN digested with NcoI) there is either little or no stimulation of recombination or there is a significant reduction in recombination relative to that observed with uncut plasmids. The effects of ds breaks on intermolecular recombination between tkAY3 and tkA5' genes separately cloned in Ml3mplO and Ml3mpll vectors was also assessed. The results are completely consistent with those obtained with the intramolecular ptk2 substrates. ds breaks in both molecules proximal to the homologous tk sequences stimulated recombination 50-to 100-fold relative to uncut DNA, while breaks distal to the homologous regions inhibited recombination relative to uncut DNA (data not shown). Differences of over 5,000-fold in recombination frequency could be produced by simply varying the position of the ends in the substrate DNAs. It should be noted that these resUlts are not unique to the calcium phosphate method of DNA transfer as similar results have been obtained by the electroporation of DNA (30) into mammalian cells (data not shown).
One of the questions posed by these results is whether the low level of recombination detected with uncut DNA substrates is due to the chance introduction of a ds break at the appropriate location in the DNA after its introduction into cells. If those breaks are produced randomly in uncut circular DNA, the efficiency of recombination should simply vary with the relative size of the PH segment in the substrate. For example, one would expect a higher level of recombination with uncut p MDR plasmid (PH segment is 1.5 kb) than with uncut ptk2DRABC (PH segment is 180 bp).
Both uncut DNAs recombine with about the same efficiency. Fig. 2 . If the endonuclease proposed in that model cut the structure at positions b and c (Fig. 6A) , important information necessary for tk reconstruction would be severed from the tk gene. If the cuts were made at positions a and d, the DNA ends that would have to be used to prime synthesis to reconstruct the truncated parts of the tk gene would be 5' ends and, therefore, could not be used for that purpose (Fig. 2B) . Because of these results we modified our original model in a way that accounts for all the data. To explain why the intermediate shown in Fig. 3B is more efficient than that shown in Fig. 3A , we propose that an essential step in the processing of these intermediates is a DNA polymerization step with ss DNA as a template. It is known that eucaryotic polymerases can initiate and propagate DNA synthesis on unprimed ss DNA templates efficiently (31) . Alternatively, DNA fragments generated by degradation during the transformation process might be able to serve as primers for a polymerase. In any case, DNA synthesis on the ss M13 DNA of the intermediate shown in Fig. 3B would generate a molecule like that shown in Fig.  6B . To complete the processing reaction one need simply argue that when the polymerization reaches the junction of paired tk sequences, the lone ss at that junction is cleaved (Fig. 6C) , and the newly synthesized DNA strand is then ligated to the 5' end generated by the cleavage (Fig. 6D) . A similar mechanism applied to the DNA intermediate in Fig.   3A fails to reconstruct the tk gene because the polymerization step doesn't copy the tk sequences and the cleavage step cuts those sequences away from the rest of the gene.
To extend this proposal to the ds DNA cutting experiments, the model shown in Fig. 2 needs to be modified in two ways (Fig. 7) . First, instead of a 5' exonuclease,we propose that a 3' exonuclease acts at the ends of the ds breaks (Fig.   7, step 2) . Like the 5' exonuclease it specifically degrades one strand of the DNA and exposes complementary tk sequences for the subsequent strand-annealing step (Fig. 7,  step 3 ). At some point after the strands have annealed we propose that the 3' strand ceases to be degraded and becomes a primer for a resynthesis reaction (Fig. 7, step 4) . This leads to a structure similar to that shown in Fig. 6B which is processed to generate an intact tk gene as we discussed in Fig. 6C and D . Unlike the original model, the modified model predicts that ds breaks within the region proximal to the homologous tk sequences (e.g., ptk2DR DNA digested with HindlIl; cell, and recombination levels are low. In support of the new model it should be noted that precedent exists for a polymerase capable of switching from a 3'->5' hydrolysis mode to a 5'-*3' polymerization mode without leaving the primer template (10, 29) .
Qualitatively, the scheme shown in Fig. 7A can account for the transformation data with both linearized ds tk2 substrates and the ss recombination intermediates. Quantitatively, however, a discrepancy exists. The ds experiments indicate that differences of 1,000-fold or more should be expected depending on where the break is made and, therefore, which intermediate is produced. Yet, the difference in transformation for the two intermediates shown in Fig. 3 is only 10-to 20-fold. Perhaps alternative recombination pathways exist that can distinguish between the intermediates shown in Fig. 3A and 7B and can process the former more efficiently then they can the latter. This would account for the quantitative discrepancy between ds and paired ss substrates.
Two additional results obtained with ss DNAs deserve further consideration. First, the efficiency of transformation with unannealed complementary ss DNAs appears to vary as the product of the concentration of those DNAs (Tables 3  and 4 
